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Abstract
Low-dimensional hybrid structures of heterogeneous constituents usually exhibit abnormal properties, a fact
that makes such hybrids attractive for various cryogenic and room-temperature applications. Here, we studied
Co/(1 - x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 /Co (Co/PMN-xPT/Co) with x=0.29 and 0.30, specifically
focusing on the evolution of the remanent ferromagnetic state, m rem of the Co outer layers in the whole
temperature range from 300K down to 10K, upon application of an external electric field, E ex . We observed
that m rem was vulnerable to degradation through the occurrence of electric field-induced magnetic
instabilities (EMIs) that appeared only when E ex ≠0kV/cm and were facilitated as E ex increases. However,
EMIs completely ceased below a characteristic temperature T ces =170K even for the maximum |E ex |=5kV/
cm applied in this work. A direct comparison of the magnetization data of the Co/PMN-xPT/Co hybrids
reported here with the electromechanical properties of the parent PMN-xPT crystals plausibly indicates that
EMIs are motivated by the coupling of the ferromagnetic domains of the Co outer layers with the ferroelectric
domains of the PMN-xPT crystal. These results highlight the drawback of EMIs in relevant hybrids and
delimit the temperature regime for the reliable operation of the Co/PMN-xPT/Co ones studied here.
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Low-dimensional hybrid structures of heterogeneous constituents usually exhibit abnormal
properties, a fact that makes such hybrids attractive for various cryogenic and room-temperature
applications. Here, we studied Co/(1  x)Pb(Mg1/3Nb2/3)O3-xPbTiO3/Co (Co/PMN-xPT/Co) with
x¼ 0.29 and 0.30, specifically focusing on the evolution of the remanent ferromagnetic state, mrem
of the Co outer layers in the whole temperature range from 300 K down to 10 K, upon application
of an external electric field, Eex. We observed that mrem was vulnerable to degradation through
the occurrence of electric field-induced magnetic instabilities (EMIs) that appeared only when
Eex 6¼ 0 kV/cm and were facilitated as Eex increases. However, EMIs completely ceased below a
characteristic temperature Tces¼ 170 K even for the maximum jEexj ¼ 5 kV/cm applied in this
work. A direct comparison of the magnetization data of the Co/PMN-xPT/Co hybrids reported here
with the electromechanical properties of the parent PMN-xPT crystals plausibly indicates that
EMIs are motivated by the coupling of the ferromagnetic domains of the Co outer layers with the
ferroelectric domains of the PMN-xPT crystal. These results highlight the drawback of EMIs in rel-
evant hybrids and delimit the temperature regime for the reliable operation of the Co/PMN-xPT/Co
ones studied here. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893957]
I. INTRODUCTION
Nowadays, low-dimensional hybrid structures are inten-
sively studied due to the abnormal properties that they
exhibit. Thus, except for basic research such structures are
attractive for the realization of practical devices such as sen-
sitive pressure/acceleration/strain sensors, memory units for
the storage of information, energy harvesting, etc.1–7 A com-
mon basis of such hybrids is that they constitute of building
blocks that are dimensionally restricted at least in one of the
three dimensions and spatially separated since they are in
contact only over an interface. A relatively simple, however,
interesting class of hybrids that was intensively studied dur-
ing the last few years had planar topology and was composed
of ferromagnetic (FM) films deposited onto a piezoelectric
(PE) substrate.8–15 Intense studies of such so-called magne-
toelectric hybrids have been focused on novel applications
such as memory devices for electric-write–magnetic-read
information storage and magnetic/electric field sensors of
increased sensitivity.16–21 The magnetoelectric effect, direct
and inverse, is based on the modulation of electric polariza-
tion by a magnetic field and of magnetic polarization by an
electric field, respectively, and is a promising candidate
mechanism for the realization of devices that can exhibit
unique performance through non-volatile processes that
require only modest energy consumption. In principle,
magnetoelectric activity can be achieved in two different
pathways. Directly, through the coupling of the ferromag-
netic and ferroelectric order parameters at the interface and
indirectly by using the strain as a mediator, while it stems
from the ferroelectric layer it penetrates inside the adjacent
ferromagnetic one.16–21
Notably, many candidate applications of planar FM/PE
hybrids are actually based on the manipulation of the remanent
ferromagnetic state, mrem by an external electric field, Eex. For
instance, the logical bits “0” and “1” can be physically repre-
sented by an mrem oriented along two predetermined opposite
directions (let us say þz and –z for out-of-plane mrem orienta-
tion). In magnetoelectric memory devices, reversal of mrem,
that is bit write, is achieved by using an Eex, thus minimizing
energy consumption and prohibiting thermal runaway. This
concept is schematically presented in Figure 1(a), where the
bottom electrode is a normal metal (NM). Though of impor-
tance, the stability of mrem under the presence of an Eex has
not been investigated extensively until now.
Here, we study this issue in hybrids that constitute of PE
and FM materials, namely the relaxor ferroelectric (1 x)Pb
(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) with x¼ 0.29 and 0.30
and Cobalt (Co). The PMN-xPT constituent is in single
crystal form, while Co comes in thin film, altogether com-
posing an FM/PE/FM hybrid, as schematically shown in
Figures 1(b) and 1(c). In this elemental hybrid unit, the Co
outer layers are employed as electrodes to apply an external
voltage, Vex (that is an external electric field, Eex) to the
PMN-xPT crystal. The strain induced by the PMN-xPT is
a)Author to whom correspondence should be addressed. Electronic
addresses: densta@ims.demokritos.gr and densta@phys.uoa.gr
0021-8979/2014/116(8)/084304/6/$30.00 VC 2014 AIP Publishing LLC116, 084304-1
JOURNAL OF APPLIED PHYSICS 116, 084304 (2014)
ultimately delivered to the Co electrodes, thus modulating
their magnetic properties.15
Here, we investigate the evolution of the remanent ferro-
magnetic state, mrem of the Co outer layers in the whole
temperature range from 300 K down to 10 K, upon applica-
tion of an external electric field, Eex. A specially employed
measurement protocol reveals that mrem is vulnerable to
degradation through the appearance of electric field-induced
magnetic instabilities (EMIs) that appear only when
Eex 6¼ 0 kV/cm and are facilitated as Eex increases. However,
EMIs completely ceased below a characteristic temperature
Tces¼ 170 K even for the maximum jEexj ¼ 5 kV/cm applied.
By recalling experimental data on the electromechanical
properties of the parent PMN-xPT crystals, we propose that
the EMIs observed in our Co/PMN-xPT/Co hybrids are pos-
sibly motivated by the coupling of the ferromagnetic
domains of the Co outer layers with the ferroelectric domains
of the PMN-xPT crystal. The possible appearance of EMIs
should be investigated in all FM/PE hybrids to test the reli-
able operation of relevant cryogenic and room-temperature
devices.
II. MATERIALS AND METHODS
A. PMN-PT single crystals
The relaxor ferroelectric PMN-xPT crystals with
x¼ 0.29 and 0.30 employed in this work have been grown
by a modified Bridgman method using powders of Pb3O4,
MgNb2O6, and TiO2 (purity higher than 99.99%) as starting
materials. Details on the preparation process can be found in
Refs. 2–4. After growth, the crystals were cut at rectangular
shape with dimensions 5  6  0.5 mm3, with large face per-
pendicular to [011] direction and side faces of (100) and
(0–11). Thus, upon electric field application, the displace-
ments along out-of-plane (that is thickness) and in-plane
(that is surface) are based on the values of d33, d31, and d32,
being on the order of þ800, þ500, and 1200 pC/N (pm/V),
respectively. The specific PMN-xPT crystals used here have
a rhombohedral to tetragonal phase transition approximately
at TRT¼ 368 K and a Curie temperature approximately at
TC¼ 408 K.2–4
The as prepared PMN-xPT crystals exhibit a relatively
rough surface landscape with a mean surface roughness in the
range of 400–600 nm. To ensure a relatively uniform coverage
of the crystal surface with the Co thin film (thickness
30–50 nm), we reduced the surface roughness by thorough
polishing using fine sandpaper (silicon-carbide P2500).
Accordingly, the mean surface roughness was reduced below
100 nm, exhibiting typical values in the range of 30–100 nm.15
B. Co thin films
The Co outer layers were RF-sputtered (30 W) using an
Edwards 306A unit [Edwards, Sanborn, NY, USA] at
3 103 Torr of Ar (99.999%) only when a base pressure in
the range of 106107 Torr was established upon adequate
pumping. The high-quality FM Co outer layers act as elec-
trodes for the application of the external voltage, Vex (exter-
nal electric field, Eex) to the PE crystal, so that the produced
strain is eventually experienced by the Co thin films, as well.
The thickness of Co layers investigated here range within 30
and 50 nm. In this range, the Co layers are quite thick to
ensure the uniform coverage of the surface of the polished
PMN-xPT crystals (thus, enabling application of a uniform
Eex), though being thin enough to be entirely susceptible to
the strain induced by the adjacent PMN-xPT crystal.
C. Magnetization data
Detailed magnetization measurements were performed
by using a homemade, hollow sample rod (outer diameter
3 mm, wall thickness 0.25 mm) hosting two copper wires (di-
ameter 0.1 mm) used to apply the external voltage to the
hybrid sample Co/PMN-xPT/Co. We stress that the copper
wires were adequately thin to minimize heat transfer from
the top part of the sample rod (being outside the cryostat, at
room temperature) to the cryostat chamber. This detail is
very important to be able to maintain temperatures as low as
10 K and explore the properties of the PE/FM hybrids. A
commercial SQUID magnetometer MPMS 5.5 T [Quantum
Design, San Diego, CA, USA] was used as the host cryostat
for the experiments. The external magnetic field, Hex was
applied parallel to the hybrid surface (in-plane). Thus, in
FIG. 1. (a) Schematic presentation of a FM/PE hybrid in which the orientation of the remanent magnetization state, mrem (whether in-plane or out-of-plane)
can be controlled by an external electric field, Eex (NM at the bottom electrode designates normal metal). (b) and (c) The FM/PE/FM hybrids studied in this
work in (b) the unstrained state with Eex¼ 0 and (c) the strained state with Eex 6¼ 0. In illustrations (b) and (c), the PE interlayer contracts along the direction
of Eex application and expands along the transverse ones. The external magnetic field, Hex was always applied parallel to the hybrid surface (in-plane).
084304-2 Stamopoulos et al. J. Appl. Phys. 116, 084304 (2014)
this scheme Eex and Hex were normal to each other (see
Figure 1(c)).
The measurement protocol of the isothermal m(Hex)
loops as function of Hex is as follows: we start from
T¼ 300 K with zero external magnetic field Hex, apply the
external electric field Eex, and cool the hybrid to the desired
temperature (electric-field cooled process). Then, Hex is
gradually varied from positive to negative saturation while
measuring the m(Hex) loop. The whole temperature range
from 300 K down to 10 K was investigated.
The measurement protocol of the isofield (Hex¼ 0)
remanent ferromagnetic state, mrem(T) as function of temper-
ature is as follows: at T¼ 300 K, while recording m(Hex) we
increase Hex until positive saturation is reached and then we
decrease it to Hex¼ 0 Oe. This is the remanent ferromagnetic
state, mrem. Then, we apply the desired external electric field
Eex and decrease the temperature from T¼ 300 K down to
T¼ 10 K while recording mrem(T).
III. RESULTS AND DISCUSSION
Figures 2(a) and 2(b) show representative m(Hex) loops
obtained at T¼ 10 K and T¼ 300 K, respectively, for a
Co(30 nm)/PMN-0.30PT/Co(30 nm) hybrid subjected to vari-
ous external electric field, Eex values. Detailed sets of similar
data obtained in the whole temperature range from T¼ 10 K
to T¼ 300 K clearly documented that the modulation of the
coercive field, Hc of the outer Co electrodes upon application
of Eex occurred only for temperatures T< 150 K. This
verifies the results already presented in Ref. 15 for
Co(30 nm)/PMN-0.29PT/Co(30 nm) hybrids. Quantitatively,
as shown in inset (c) for T¼ 10 K, the coercive field, Hc of
the decreasing branch exhibits a noticeable percentage mod-
ulation, as defined from equation [(Hc
max  Hcmin)/
Hc
min]100%, being on the order of 153% between
Eex¼ 2.5 kV/cm and Eex¼ 0 kV/cm.
The possible mechanisms that motivate and/or facilitate
the modulation of the coercive field, Hc upon application of
Eex have been discussed in Ref. 15. In this work, we focused
on the investigations of the stability of the remanent ferromag-
netic state, mrem of the Co outer layers upon application of Eex
to the PMN-0.30PT single crystal. The whole temperature
range from T¼ 300 K down to T¼ 10 K was investigated. To
this effect, after preparation of state mrem at T¼ 300 K, we
applied the desired external electric field, Eex and recorded
how mrem(T) evolves upon decrease of temperature down to
T¼ 10 K. Figure 3 shows a representative case of how mrem
was prepared at T¼ 300 K. Then, Eex was applied and
mrem(T) was recorded as temperature was decreased.
Typical results are shown in Figures 4(a), 4(b), and 4(c)
for Eex¼ 0 kV/cm, Eex¼62.5 kV/cm, and Eex¼65.0 kV/cm,
respectively. These data clearly document the occurrence of
abrupt changes of the recorded mrem(T) in the form of distinct
suppression events (mrem(T) degradation) that we term mag-
netic instabilities (MIs). MIs exist in other areas of magnetism
(i.e., Barkhausen effect; see Refs. 22–26) and superconductiv-
ity (i.e., flux-lines avalanche effect; see Refs. 27–32).
However, in those cases, the MIs have different origin.
Regarding the Barkhausen effect,22 MIs mainly occur during
reversal of the magnetization and associate with a sequence of
distinct jumps accompanied by crackling noise. This is due to
the interaction between magnetic domains and magnetic do-
main walls with quench and thermal disorder. By quench dis-
order we mean structural disorder, whether of point (e.g.,
atomic vacancies) or correlated (e.g., dislocations) nature,
while by thermal disorder we mean the thermal energy. The
competition between quench and thermal disorder can result
in nucleation/reversal of magnetic domains and depinning of
magnetic domain walls that subsequently are free to
FIG. 2. Isothermal m(Hex) loops for a Co(30 nm)/PMN-0.30PT/Co(30 nm)
hybrid for various Eex values at (a) T¼ 10 K and (b) T¼ 300 K focused in
both cases in the low-field regime. Inset (c) of panel (a) presents the modula-
tion of the coercive field, Hc of the decreasing branch, upon variation of Eex.
FIG. 3. Presentation of how the remanent ferromagnetic state, mrem of a
Co(30 nm)/PMN-0.30PT/Co(30 nm) hybrid is prepared after increase of the
external magnetic field, Hex until positive saturation and subsequent
decrease to zero. State mrem is prepared at T¼ 300 K before application of
the external electric field, Eex.
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move.23–26 Obviously, from a technological point of view the
Barkhausen effect is important since it is detrimental to the
stability of magnetic data storage devices. Referring to the
flux-lines avalanche effect,27 it is associated with the interplay
of three energy scales, the interaction energy between flux
lines, the pinning energy of flux lines with quench disorder,
and finally the thermal disorder.27–32 It is well known that dur-
ing the entrance of flux lines in a superconductor they self-
assemble in a critical state33,34 so that the current reaches a
critical value, at the cutting edge just before movement of flux
lines takes place. An avalanche event is observed when ther-
mal activation motivates overcritical conditions and drives ab-
rupt movement of bundles of flux lines that ultimately appears
in the form of magnetization jumps.27–32
As we show here, Figures 4(a)–4(c), in our case the
observed MIs were exclusively motivated by the externally
applied electric field, Eex thus we coin the term electric field-
induced MIs (EMIs). Specifically, from Figure 4(a) it is evi-
dent that EMIs do not exist for Eex¼ 0 kV/cm since only a
gradual increase of mrem(T) was observed upon decreasing
the temperature. On the contrary, from Figures 4(b) and 4(c),
it is fairly documented that when Eex 6¼ 0 kV/cm EMIs
emerged. Most important, EMIs are facilitated as Eex
increases since, first the temperature range where EMIs
occur gets wider and second the overall degradation of
mrem(T) increases. Quantitatively, at Eex¼þ2.5 kV/cm
(Figure 4(b)), we observe an intense EMI that produces a
mrem(T¼ 200 K) percentage degradation of order 2.5%,
while at Eex¼þ5.0 kV/cm (Figure 4(c)) the cumulative
action of many EMIs produces a much higher
mrem(170 K<T< 300 K) percentage degradation on the
order of 16.4%. Notably, even in the case of the maximum
jEexj ¼ 5 kV/cm applied in this work, EMIs were not
observed below 170 K. The appearance of EMIs only at high
temperatures and the complete cessation below Tces¼ 170 K
imply the interplay of thermal activation and pinning proc-
esses. However, from the data of Figures 4(a)–4(c), it is
obvious that thermal energy alone is not adequate to over-
come energy barriers that delimit metastable states of mrem
and thus to motivate MIs in the absence of Eex.
Recent publications35–37 have focused on the experi-
mental exploration of the properties of PMN-xPT crystals in
the whole temperature range from room temperature down to
cryogenic conditions. Those works35–37 evidenced that all
important characteristics (relative dielectric constant K, elas-
tic compliance coefficient sij, piezoelectric coefficients dij,
etc.) exhibit a bimodal behaviour between the high and low
temperature regimes with an inflection regime, Tinf 
170 K.37 For instance, this is clearly illustrated in Figure 5
below, where the temperature evolution of the piezoelectric
coefficient d31 is shown for a PMN-xPT crystal with
x¼ 0.33. We clearly see that, as temperature decreases from
T¼ 300 K, the piezoelectric coefficient d31(T) exhibits a
power-law–like decrease that ends at Tinf  170 K. Below
Tinf  170 K, d31(T) starts to decrease again following a sec-
ond power-law–like behavior.
A direct comparison of the mrem(T) data of Figures
4(a)–4(c), obtained on a Co(30 nm)/PMN-xPT/Co(30 nm)
hybrid with x¼ 0.30, with the d31(T) curve of Figure 5,
obtained on a PMN-xPT crystal with similar composition of
x¼ 0.33, show strong evidence that Tces  Tinf. Thus, we
can plausibly assume that there is a direct correlation of the
underlying mechanisms responsible for the cessation of
EMIs (Figures 4(a)–4(c)) and the decrease of d31 (Figure 5)
FIG. 4. Evolution of the remanent ferromagnetic state, mrem(T) for a
Co(30 nm)/PMN-0.30PT/Co(30 nm) hybrid upon temperature decrease from
T¼ 300 K down to T¼ 10 K for (a) Eex¼ 0 kV/cm, (b) Eex¼62.5 kV/cm,
and (c) Eex ¼ 65.0 kV/cm. In (b) and (c), EMIs are observed in the high
temperature regime delimited by the vertical/dashed lines. In (c), Tces
denotes the cessation temperature below which EMIs do not exist.
FIG. 5. Temperature evolution of the transverse strain coefficient d31 for a
PMN-xPT crystal with x¼ 0.33. Reprinted with permission from Martin
et al., J. Appl. Phys. 111, 104108 (2012). Copyright 2012 American Institute
of Physics.
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as temperature decreases below Tces and Tinf, respectively.
In Refs. 35–37, the decrease of d31 and the formation of a
plateau below Tinf (Figure 5) were ascribed to the establish-
ment of intense collective pinning of ferroelectric (macro)-
domain walls by structural disorder (i.e., point defects)38 that
prohibits their motion. It is natural then to assume that in the
Co(30 nm)/PMN-xPT/Co(30 nm) hybrids studied here there
is a coupling between ferroelectric domains of the PMN-xPT
crystal and ferromagnetic domains of the Co outer layers so
that the latter are forced to follow the dynamics of the for-
mer. Under this point of view, instabilities of ferromagnetic
domains (that is EMIs) are observed in the high temperature
regime since they are motivated by the reconfiguration of
ferroelectric domains (e.g., via partial rotation and/or
motion), while EMIs cease below Tces since ferroelectric
domains are relatively quenched below Tinf once collective
pinning by structural disorder dominates over thermal activa-
tion so that not only the complete reversal but also the partial
rotation and/or motion is prohibited.
This aforementioned coupling between ferromagnetic and
ferroelectric domains/polarization rotations can be phenom-
enologically assumed to be indirect that is mediated by strain,
as observed in other magnetoelectric layered hybrids studied in
the literature.20,21 This is indirectly supported by the correla-
tion observed between the strain coefficient and the magnitude
of mrem degradation. Quantitatively, the mrem degradation
observed in Figures 4(b) and 4(c) reads 2.5% for Eex
¼þ2.5 kV/cm and 16.4% for Eex¼þ5.0 kV/cm, respectively.
For the same PMN-xPT crystals, at room temperature, the re-
spective in-plane (that is along the surface) strain reads
S 0.03% for Eex¼þ2.5 kV/cm and S 0.06% for Eex
¼þ5.0 kV/cm (data not shown) as measured directly from the
Strain-Electric field curve (for instance, see Figure 6 of Ref. 39
for PMN-xPT with x¼ 0.27 and 0.31). Thus, we see that the
increased strain correlates with increased mrem degradation.
The cessation of EMIs at T<Tces¼ 170 K observed here
correlates nicely with the experimental fact, originally
reported in Ref. 15 and confirmed here, that the modulation of
both coercive field, Hc and saturation magnetization, msat by
the external electric field, Eex is practically effective only
below a characteristic temperature, Tch that is at T<Tch
¼ 150 K. A representative case is shown in Figure 6 for a
Co(30 nm)/PMN-0.29PT/Co(30 nm) hybrid and for a
maximum electric field, Eex¼ 6 kV/cm very close to the one,
Eex¼ 5 kV/cm applied in the Co(30 nm)/PMN-0.30PT/
Co(30 nm) hybrid discussed above, Figures 2–4. Thus, we can
justifiably assume that Tces  Tch. Based on this assumption,
we propose that for T>Tces  Tch both Hc and msat effec-
tively become independent of Eex since the measured magnet-
ization relaxes rapidly, through the occurrence of EMIs, to a
rather stable state due to thermal activation. On the contrary,
for T<Tces  Tch both Hc and msat depend on Eex since the
relaxation of magnetization is subjected to slow dynamics
once thermal activation gets weak in comparison to pinning
processes. This explanation agrees nicely with the arguments
reported in Refs. 36 and 37 regarding the different dielectric
relaxation processes observed at cryogenic and room-
temperature conditions for the parent PMN-xPT crystals.
IV. CONCLUSIONS
In this work, we investigated FM/PE/FM hybrids based
on constituent materials that are well studied and easily pre-
pared, namely PMN-xPT single crystal with x¼ 0.29 and
0.30 and Co thin film. We specifically focused on the evolu-
tion of the remanent ferromagnetic state, mrem of the Co
outer layers in the whole temperature range from 300 K
down to 10 K, upon application of an external electric field,
Eex. A specially employed measurement protocol revealed
that mrem is vulnerable to degradation through the occurrence
of EMIs that appear only when Eex 6¼ 0 kV/cm and are facili-
tated as Eex increases. However, EMIs completely ceased
below a characteristic temperature Tces¼ 170 K even for the
maximum jEexj ¼ 5 kV/cm applied in this work. A direct
comparison of the magnetization data of the Co/PMN-xPT/
Co hybrids reported here with the electromechanical proper-
ties of the parent PMN-xPT crystals plausibly indicates that
EMIs are motivated by the coupling of the ferromagnetic
domains of the Co outer layers with the ferroelectric domains
of the PMN-xPT crystal. Since an unstable mrem, that is vul-
nerable to degradation, stands against utilization in applica-
tions, we propose that the appearance of EMIs should be
investigated in all FM/PE hybrids that are candidates for
realization of relevant devices.
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